Strong absorption signatures in the helium line at 1083 nm have recently been detected in transmission spectra of several close-in exoplanets. This absorption line originates from neutral helium atoms in an excited, metastable 2 3 S state. The population of helium atoms in this excited state is governed by the spectral shape and intensity of the incident stellar radiation field. We investigate what kind of stellar environments are most favorable for populating the metastable helium state in extended planetary atmospheres. Our results suggest that planets orbiting at close separations from late-type stars, particularly K stars, are the most promising candidates for transit absorption signals at 1083 nm. This result is supported by observations, as all four exoplanets with currently reported helium detections orbit K-type stars. In general, conditions for exciting helium atoms become more favorable at closer orbital separations, and around stars with higher levels of extreme-ultraviolet (EUV) flux, which ionizes the helium ground state, and lower levels of mid-ultraviolet (mid-UV) flux, which ionizes the helium metastable state.
INTRODUCTION
Atmospheric escape and mass loss can significantly influence the evolution of planetary atmospheres, and consequently, demographics of exoplanetary systems (for a recent review see Owen 2018 , and references therein). Until recently, direct evidence of atmospheric escape relied on observations of only a few exoplanets, mostly in the ultraviolet (UV) wavelength range. Measured transit depths in the hydrogen Lyman-α (Lyα) line for hot Jupiters HD 209458b and HD 189733b, and warm Neptunes GJ 436b and GJ 3470b are many times larger than their broadband optical transit depths, suggesting the existence of extended hydrogen envelopes around these planets, formed by the escaping material (e.g. VidalMadjar et al. 2003; Lecavelier Des Etangs et al. 2010; Ehrenreich et al. 2015; Bourrier et al. 2018) . Mostly due to observational challenges, the sample of escaping exoplanet atmospheres observed at UV wavelengths remains small.
Recent theoretical modeling of the low-density and high-temperature environments of upper planetary atantonija.oklopcic@cfa.harvard.edu mospheres (thermospheres) predicted that strong transit signals in the helium line at 1083 nm could be observed for some exoplanets (Oklopčić & Hirata 2018) . The first evidence of helium absorption in an exoplanet came from the Hubble Space Telescope/Wide Field Camera 3 (HST/WFC3) observations of WASP-107b by Spake et al. (2018) , showing excess absorption in the wavelength channel containing the helium line at 1083 nm. Since then, spectrally resolved helium absorption has been detected in ground-based observations of HAT-P11b (Allart et al. 2018) , WASP-69b (Nortmann et al. 2018) , HD 189733b , and WASP-107b (Allart et al. 2019) . Mansfield et al. (2018) also reported evidence of excess helium absorption in HAT-P-11b seen in the HST/WFC3 data.
With the growing number of detections, the helium line at 1083 nm offers an excellent opportunity to study the extended upper layers of planetary atmospheres and the physics of atmospheric escape in large samples of exoplanets. As a probe of extended atmospheres, this line has two major advantages over Lyα: 1) it is not heavily affected by the interstellar medium (ISM; Indriolo et al. 2009) , and 2) it can be observed from the ground using high-resolution spectrographs on a number of mediumsize and large telescopes.
The absorption line at 1083 nm originates from neutral helium atoms in an excited 2 3 S (triplet) state, which is radiatively decoupled from the ground (singlet) state, and hence metastable. The population level of the metastable helium state, and therefore the strength of the absorption signal at 1083 nm, depends not only on the properties of the planetary atmosphere, but also on the intensity and spectral shape of the incident stellar radiation field. Interestingly, all four exoplanets in which helium has been detected so far are hosted by fairly active K-type stars, at orbital distances of 0.031-0.055 AU (see Table 1 ). The goal of this paper is to investigate how differences in the spectral energy distribution (SED) of the host star affect the population level of the excited metastable helium in upper planetary atmospheres and, consequently, the expected absorption signal at 1083 nm. We use the results of our investigation to determine what types of stellar environments are most favorable for producing strong absorption signatures in the helium line at 1083 nm.
METHODS

Model of Escaping Exoplanet Atmospheres
We model the abundance of excited metastable helium in escaping exoplanet atmosphere using methods very similar to those described in Oklopčić & Hirata (2018) . For completeness, here we give a brief overview of the theoretical model.
We assume that the upper atmospheric layers have radial velocity and density profiles of an isothermal Parker wind (Parker 1958; Lamers & Cassinelli 1999) :
The Parker wind model describes a radial outflow that starts with low velocities close to the planet, gradually accelerates and becomes supersonic at the radius (altitude) called of the sonic point, which is given by
where v s is the sound speed of the gas with temperature T and mean molecular weight µm H :
The gas density at the sonic point (ρ s ) can be calculated from the mass conservation equatioṅ
assuming the value of the total mass loss rateṀ . Our model atmosphere is assumed to be composed of atomic hydrogen and helium, in 9:1 number ratio. The initial value of the molecular weight of the atmosphere is set to 0.9 m H , but is then iteratively adjusted to the altitude-weighted mean value, taking into account the population of free electrons resulting from hydrogen ionization. In addition to atmospheric composition, the main free parameters of the model are the temperature of the thermosphere and the total mass loss rate.
Assuming a spherically symmetric and steady-state (i.e. time-independent) planetary wind, we calculate level populations of hydrogen and helium atoms for a gas streamline along the planet's terminator. At low densities typical of planetary thermospheres, atoms are not in local thermodynamic equilibrium, and hence we need to explicitly model the processes that affect level populations, such as photoionization, recombination, collisional transitions, and radiative decay. We numerically solve Equation 13 from Oklopčić & Hirata (2018) to obtain the fraction of hydrogen in neutral/ionized states. Then, we calculate the radial distribution of helium atoms in the singlet (ground) and triplet (excited) state by solving the following set of equations:
− f 1 n e q 13a + f 3 n e q 31a + f 3 n e q 31b + f 3 n H 0 Q 31 , (6)
where f 1 and f 3 mark the fractions of helium in the singlet and triplet state (relative to all helium atoms/ions), respectively, v is the radial gas velocity, n e is the number density of electrons, α and Φ are the recombination and photoionization rate coefficients, with optical depths τ 1 and τ 3 calculated using flux-averaged cross sections. All these quantities are functions of altitude. Symbols q and Q mark various collision rate coefficients, while A 31 is the triplet-to-singlet radiative decay rate. More information on this calculation, including the references for the rate coefficients, can be found in Oklopčić & Hirata (2018) .
Stellar Spectra
Photoionization of hydrogen and helium atoms plays a key role in controlling the triplet helium level population. The corresponding photoionization rates depend on the shape and intensity of the incident flux of stellar radiation, particularly at wavelengths shortward of those associated with hydrogen ionization (λ = 912Å), the ionization of ground state helium (λ = 504Å), and the ionization of the excited 2 3 S helium state (λ = 2600Å). In our analysis, we use stellar SEDs for main-sequence stars of different spectral types (see Figure 1 ) from the following sources:
1. spectra of late-type stars (K1 to M5) from the MUSCLES survey Youngblood et al. 2016; Loyd et al. 2016 ), versions 2.1 (GJ 876, GJ 436, HD 85512) and 2.2 (HD 97658, GJ 667C, HD 40307);
2. for G2 type, we use the SORCE solar spectral irradiance data from the LASP Interactive Solar Irradiance Data Center 1 , along with scaling relations between the Lyα flux and fluxes in extremeultraviolet (EUV) bands from Linsky et al. (2014) to fill in the gap in the data wavelengths between ∼ 400 and 1150Å; 3. for A7 and A0 types, we use the synthetic spectra for stars of effective temperatures of 7500 K and 10000 K from Fossati et al. (2018) . The highenergy end of the spectrum for the A7 spectral type was constructed by taking the solar spectrum and multiplying it by a factor of 3.
3. RESULTS AND DISCUSSION
Higher Fraction of Metastable Triplet Helium around Late-type and Active Stars
In order to isolate the effects of incident stellar radiation on the expected 1083 nm absorption from an extended planetary atmosphere, we keep all the parameters describing the planet (e.g. mass, radius, orbital separation) and its escaping atmosphere (e.g. mass loss rate, temperature, composition) fixed.
2 We consider a planet with properties similar to HAT-P-11b, one of the first exoplanets with an extended atmosphere detected via the helium 1083 nm line (Allart et al. 2018; Mansfield et al. 2018) . The planet mass and radius are set to M pl = 0.0736 M Jupiter and R pl = 0.389 R Jupiter , and the orbital distance to the host star is 0.05254 AU (Yee et al. 2018 ). For the model temperature and mass loss rate, we choose T = 7300 K andṀ = 10 10.6 g s −1 , which is a combination of parameters that, when irradiated with a K4-type stellar spectrum, produces an absorption signature that is well matched by the 1083 nm observations of HAT-P-11b by Mansfield et al. (2018) and Allart et al. (2018) .
We irradiate the model planetary atmosphere with six different stellar spectra shown in Figure 1 (A0, A7, G2, K1, K6, and M3.5) and for each case we calculate the radial distribution of neutral/ionized hydrogen and singlet/triplet level populations of helium. Planetary absorption signal in the 1083 nm line directly depends on the fraction of helium atoms in the triplet state (f 3 ), shown in Figure 2 . The resulting triplet helium fractions span a wide range of values for different spectral types, and show fairly mild dependence on altitude for any given spectral type. The main conclusion of this analysis is that the triplet helium fraction is higher in late-type stars (K1, K6, and M3.5) than in stars of earlier spectral types (G2, A7, and A0). Although the exact value and the altitude-dependence of the triplet helium fraction depend somewhat on the assumed properties of the planet and its extended atmosphere, the trend shown here-higher triplet fraction in atmospheres around latetype stars-remains unaffected by these changes.
What makes late-type stars particularly favorable for exciting helium atoms in their planets' atmospheres into the metastable triplet state is the hardness of their spectra, i.e. the relative flux intensity at EUV wavelengths, which are responsible for populating the metastable state (dashed line in Figure 1) , and mid-UV wavelengths responsible for de-populating the metastable state (dotted line in Figure 1) .
In order to demonstrate that both wavelength bands play a role in controlling the population level of excited helium atoms, we take the spectrum of a K1 star and artificially change its high-energy and low-energy part of the spectrum separately. The results are shown in Figure 3 . The upper panels show the effects of changing the high-energy end of the spectrum (λ < 1000Å) by multiplying it by factors of 0.1, 0.5, 2, and 10. As shown on the upper right panel, the higher the EUV and X-ray (i.e XUV) flux, the higher the population level of metastable triplet helium. Bottom panels show the effects of changing the spectrum at wavelengths λ > 1000Å by factors of 0.01, 0.1, 10, and 100. In this case, the population of helium atoms in the triplet state is maximized when the mid-UV flux is minimized. In conclusion, stars with higher levels of XUV flux (due to stellar activity, for example)
3 and lower levels of flux in the mid-UV part of the spectrum (due to lower effective temperature) are most efficient at exciting helium atoms into the triplet metastable state.
To provide a physical explanation for this trend, we look at the contribution of each individual term in the helium triplet balance equation (Equation 7). For the sake of clarity, in Figure 4 we only show the magnitudes of the most significant terms: recombination into the triplet state (first term on the right side of Equation 7), photoionization of the metastable state (third term), de-population of the metastable triplet helium state via collisions with electrons (sum of the fifth and sixth term), and collisions with hydrogen atoms (seventh term). Recombination is the main populating mechanism of triplet helium, while the remaining processes shown in Figure 4 de-populate the metastable triplet helium state. In planets around G-and earlier-type stars, recombination is balanced by direct photoionization of the metastable state, powered by high levels of mid-UV flux of these stars (i.e. part of the spectrum around the dotted vertical line in Figure 1 ). In K-type and cooler stars, the mid-UV flux (and consequently, the triplet photoionization rate) drops while the ionizing radiation remains roughly at the same level as in hotter stars, so recombination is no longer balanced by photoionization, but instead by collision-induced triplet-to-singlet transitions.
Higher Fraction of Metastable Triplet Helium at Smaller Orbital Separations
To investigate how the population of excited helium atoms depends on the magnitude of the received stellar flux. We place our model planetary atmosphere on various orbital distances (a) from a star of K1 spectral type, thereby changing the magnitude of the radiation flux received by the planet (∝ a −2 ). In Figure 5 we show how the resulting fraction of helium atoms in the triplet state depends on planet's distance from the star, ranging between 0.01 and 0.11 AU. The triplet fraction, especially at lower planetary altitudes, decreases at larger orbital separations. Consequently, we do not expect prominent absorption signals at 1083 nm in exoplanets orbiting main-sequence stars at distances greater than ∼ 0.1 AU. At very short distances ( 0.03 AU), the fraction of ionized helium in the extended atmosphere increases, thus reducing the fraction of helium in the (neutral) triplet state at high planetary altitudes.
This dependence on flux magnitude can help us understand why the triplet helium fraction shown in Figure 2 is not maximized in planets around stars with hardest spectra, i.e. M-dwarfs. As shown in Figure 1 , at a fixed orbital distance, the EUV flux of M-stars is at least an order of magnitude lower than in K-stars. Planets irradiated by M-star spectra have to be closer to their host stars to achieve the same (or higher) population level of excited helium as planets around K-stars.
Uncertainties due to the XUV Flux Reconstruction
Stellar spectra, particularly in the EUV and mid-UV wavelength range, play a crucial role in our modeling of helium level populations and the resulting 1083 nm absorption signals from extended exoplanet atmospheres. Direct observations of the EUV flux are currently not possible for stars other than the Sun. Scaling relations and models connecting the EUV flux and other observables, such as X-ray and Lyα fluxes, have been devel- that control the triplet helium fraction. In G-type and hotter stars, the rate of recombination into the triplet state is balanced by direct metastable-state photoionization. In cooler stars with lower mid-UV flux, the recombination rate is balanced by the rate of collisions that change the configuration of helium atoms from triplet to singlet. . Flux density at 0.05 AU from a M1.5-type star constructed from the high-energy (λ < 1000Å) end of the spectrum of GJ 3470 from Bourrier et al. (2018) and the lowenergy end of GJ 667C from the MUSCLES survey ). The synthetic high-energy part of the spectrum was constructed using two methods, one based on the Xray flux and a coronal model (red) and the other based on semi-empirical relations from the measured Lyα flux (green). Differences in the stellar EUV flux reconstruction lead to different model predictions for the planetary triplet helium population level (middle panel) and the resulting excess transit depth at 1083 nm (bottom panel).
oped (e.g. Sanz-Forcada et al. 2011; Linsky et al. 2014 ). Here we investigate the level of uncertainty caused by the differences between two methods of EUV flux reconstruction.
The red line in Figure 6 (top panel) shows the synthetic EUV spectrum of an M-dwarf GJ 3470 calculated using a coronal model based on X-ray and UV spectroscopic data, following Sanz-Forcada et al. (2011) . The green line shows the synthetic EUV spectrum of the same star, obtained using the Lyα flux and semiempirical relations from Linsky et al. (2014) . Both EUV spectra are from Bourrier et al. (2018) . Above λ = 1100Å, we use the spectrum of a different M1.5 star (GJ 667C) from the MUSCLES data.
As in the previous sections, we irradiate a model atmosphere with these two stellar SEDs. For simplicity, we keep all planetary and stellar parameters fixed on values for HAT-P-11b, as described before. In each case, we calculate the population level of triplet helium, shown in the middle panel of Figure 6 , and the resulting transit depth at 1083 nm, shown in the bottom panel. Different methods of EUV flux reconstruction can lead to considerable differences in the predicted triplet helium level population and transit depth at 1083 nm. This highlights the importance of obtaining-through direct observations and modeling-reliable stellar spectra at UV wavelengths for stars of various spectral types and levels of activity.
CONCLUSIONS
The results of our analysis suggest that the most favorable conditions for maintaining a significant population of helium atoms in the excited 2 3 S state arise at close orbital separations (a 0.05 AU) from K-type stars, particularly those with increased levels of activity. Consistent with the theoretical expectation, the first four detections of helium absorption at 1083 nm have been reported for exoplanets that fall into that category (see Table 1 ). Non-detections have been reported for a few planets around hotter (A-and G-type), as well as cooler (M) stars (see Table 2 ).
Although M-dwarfs shown in Figure 1 have the hardest spectral shape, their EUV flux level (at a fixed distance from the star) is at least an order of magnitude lower compared to the EUV flux around K-stars. Therefore, planets around M-stars must be on much closer orbits in order for their atmospheres to achieve as high fractions of triplet helium as seen around K-stars.
In our analysis, we used the fraction of helium atoms in the triplet state as a proxy for the strength of the absorption signal at 1083 nm. However, it is worth emphasizing that the strength of the absorption signal, i.e. the transit depth at 1083 nm, also depends on the relative size of the observed planet and its host star. Therefore, planets of a given size orbiting around cooler main-sequence stars have a double advantage of having a higher fraction of triplet helium and having a higher planet-to-star radius ratio.
We do not expect prominent 1083 nm absorption signals from planets orbiting hot, A-type stars. Due to the high level of mid-UV flux around these stars, the population of metastable triplet helium atoms in a planetary atmosphere is easily depleted on a short time-scale through direct photoionization.
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